By adding a point defect to a photonic crystal structure, a microcavity can be made to trap electromagnetic energy with wavelength inside the photonic bandgap (PBG). This property together with other unique properties of photonic crystals enables us to control the propagation and spectrum of transmitted wave inside the photonic crystal waveguiding structures and to design and implement microscale optical filters. In this paper we focus on the design of notch filters in photonic crystal waveguides based on the coupling of waveguide and cavity. We discuss about the properties of a single cavity and its necessary modifications to achieve efficient coupling between cavity and waveguide and eventually obtain desired notch filters at the frequency range of interest. We also discuss the coupling of multi-cavities to a waveguide and the possibility of attaining filters with better performances is presented, and the spectrum and lineshapes of the resulting filters are characterized.
INTRODUCTION
Photonic crystals [1, 2] have inspired a lot of research recently due to their ability to control the propagation of light. The periodic variation of the permittivity in photonic crystals can resort in a photonic bandgap [3] [4] [5] , i.e., a range of frequencies with no allowed electromagnetic mode. By creating a defect in these structures, the periodicity and consequently the completeness of the bandgap are broken and light can be localized at the defect region with the frequency corresponding to the defect frequency inside the gap. Two possible defect types are point defect and line defect which correspond to photonic crystal cavities [3] and photonic crystal waveguides [3] , respectively. The properties of photonic crystal cavities have been extensively analyzed [6] [7] [8] and experimentally demonstrated [9, 10] . Cavities with theoretical quality factors (Q) more than 20000 [11, 12] have been designed. Experimental values of as high as Q=4000, have been demonstrated for photonic crystal cavities [13] . Photonic crystal cavities with high Q can be effectively used for point defect lasers [14] , optical filters [15] [16] [17] [18] , and cavity quantum electrodynamics (QED) [19] . These cavities have been used for designing add/drop filters [18] for wavelength division multiplexing (WDM) applications. Also, initial demonstrations show the possibility of using these cavities for separating optical signals with different wavelengths in the filter characteristics (i.e., the variation of the filter output with wavelength) of the simple point defect cavities are not flat over the WDM channel. The design of photonic crystal cavities with prescribed frequency response is highly needed for several applications. In this paper, we focus on designing such filters by altering the geometry defects and by using multiple cavities. While we concentrate on notch filters in this paper, the results can be applied to other types of filters.
PHOTONIC CRYSTAL FILTERS BASED on WACEGUIDE CAVITY COUPLING
Figures 1.a and 1.b show two typical point defects in triangular lattice photonic crystal of air columns in dielectric host. As shown in Figure 1 .a, by increasing the radius of an air hole, a cavity known as acceptor type is created. The resonance frequency of this cavity is pushed up from the lower band of the PBG. In Figure 1 .b by decreasing the radius of a hole (in this case, the radius is zero) the cavity is generated. The resonance frequency of this cavity, known as donor type is pulled down from the upper band of the PBG. As shown in Figure 1 .b, this cavity is degenerate and supports two different modes corresponding to the same frequency, and Figure 1 .c shows the spectrum of this cavity. Generally, acceptor and donor type cavities have different symmetry properties, different field profiles, different field orientations and concentrations. Due to the symmetry of the triangular lattice photonic crystals, the electromagnetic modes of the cavities in Figure 1 have 60 degree rotation symmetries.
In Figure 2 .a the typical structure of a line defect which acts as a waveguide is shown. It supports two modes one with even profile and the other one with odd profile with respect to the propagation direction. Figure 2 .b shows the dispersions of these modes which are inside the PBG. By putting a cavity next to a waveguide, it can be coupled to the waveguide at its resonance frequency to trap some of the electromagnetic energy propagating in the waveguide. This new structure can modify the transmission and dispersion of propagating modes of the waveguide so that by proper coupling, the dropping of wave with specific frequency close to the resonance frequency of the cavity is possible. To drop a signal from a waveguide, two main architectures have been proposed. The first case is to drop a signal from the waveguide to a cavity and send it vertically outside the structure [18] . The second case is to drop the signal by a cavity or multiple cavities and couple it back to the same waveguide (reflection) or send it to another waveguide [15] [16] [17] 20] . Figure 3 show three possible architectures relevant to the second case. In Figure 3 .a an array of cavities is coupled to the waveguide and the resulting structure acts as a reflection band stop (or notch) filter. The structure in Figure 3 .b performs the same operation, but in this case cavities are present at both sides of the waveguide. Finally Figure 3 .c shows the dropping of signal from one waveguide by the cavity and sending it to another waveguide. In this case by proper design of the cavity, the ratio of the transmission to the backward and forward direction, in the second waveguide can be controlled. Practically, single mode photonic crystal waveguides are the case of interest, therefore the main requirement in the design of the cavity for efficiently coupling it to the waveguide, is to put its resonance frequency at the single mode operation frequency range of the waveguides. As shown in Figure 2 .b the guiding structure supports single mode operation at two separate ranges of frequencies. These ranges are below and above the region in which waveguide has two modes. As mentioned, we can design two classes of cavities, which are donors and acceptors. But according to Figure 1 .a the energy concentration in the acceptor case is mostly in the air holes while that of the donor type is mostly in the dielectric. Thus, the acceptor type cavities are appropriate for out-of-plane coupling of the filtered (or dropped) signal, and donor type cavities are preferable for in-plane filtering. The latter case is more relevant in integrated photonic circuits. Thus we focus only on the donor type cavities in the rest of this paper. In designing such donor type cavities, the resonance frequency of the cavity must be in one of the two frequency regions in which the waveguide is single mode (see Figure 2 .b). Due to the different properties of waveguide and cavity at these two ranges of frequencies, the performance of filtering may be different and we need to consider these different properties. Other important considerations to obtain efficient waveguide to cavity coupling are: 1-The separation distance between the cavity and waveguide. 2-Field profile of the cavity and its orientation with respect to the field profile of the waveguide, and 3-Number of the degenerate modes of the cavity at a single resonance frequency. 
SIMULATIONS
The main structure we used in the analysis of this paper is a two dimensional (2-D) triangular lattice photonic crystal of air columns in GaAs. The relative permittivity of GaAs is 12.96, and the radii of the air columns are 30% of the lattice constant unless otherwise stated. The polarization of light, throughout this paper, is TM (magnetic field perpendicular to plane of periodicity) to assure the largest photonic bandgap. We used the method of finite difference time domain (FDTD) [22] to get the spectrum of point defects as shown in Figure 1 . A perfectly matched layer (PML) [23] is put around the structure containing point defect at all boundaries. To obtain the dispersion diagram of the guided modes of a photonic crystal waveguide, also called PBG waveguide, which is created by removing a row of air columns in the direction, we used the method of plain waves expansion (PWE) [3] . To analyze the coupling of waveguide and cavity the electromagnetic mode (by a Huygens source [24] ) is launched from a conventional slab to PBG waveguide which is coupled to the cavity(s) with PML at all boundaries. The power transmission spectra are calculated by taking the Fourier transform of the fields calculated by FDTD and then integrating the Poynting vector over the surface of 60 calculation cells centered at the middle of the PBG waveguide. Further details of this method can be found in [21] (a) (b) 
DESIGN of PHOTONIC CRYSTAL CAVITIES for FILTERS
In this section, discuss the properties of photonic crystal cavity structures that can be used for designing in-plane notch filters. As discussed in section 2, the resonance frequency of the cavity can be chosen in one of the two frequency regions for single mode waveguide operation. First, we focus on the design of filter at the single mode region which is close to upper band in Figure 2 .b. Figure 4 .a shows the structure of a waveguide coupled to two defects at both sides of the waveguide, (or a double side defect). The defects have been created by decreasing the radius of the air holes at the origin of each defect region. Figure 4 .b shows the transmission of the single side cavity-waveguide structure for different sizes of the defect when one of the defects in Figure 4 .a is absent. Figure 4 .b shows that for the larger sizes of the defect the reflection at the resonance frequency of the cavity is higher. This is because the higher frequencies are closer to the upper band and the field profiles of the cavity modes, at their resonance frequencies, become more extended than lower frequencies. So, the mode volume of these modes is larger and therefore, they have stronger coupling to the field profile of the waveguide. Figure 4 .c compares the transmission of a double side and a single side couple defect. As shown in the figure, the reflection at the notch frequency for the double side structure is stronger than that for the single side structure. Also the frequency of the filter in the double side case is lower than that in the single side case.
(a) (b) (c) Fig. 4 : (a) Structure of a PBG waveguide side coupled to a pair of defects, the defects are air columns with sizes smaller than the sizes of original holes, (b) power transmission spectra of the structure, when only one of the two defect is present (single side defect), for different sizes of the defect, and (c) power transmission spectra, when both the defects are present (double side defect), for different sizes of the defects.
The presence of two similar defects at both sides of the waveguide results in stronger coupling and larger reflection. Meanwhile, these two cavities are coupled to each other through the waveguide, therefore, the resonance frequencies of the coupled structure is different from that of a single cavity (corresponding to the single side case). This explains the difference between the filtering frequency of the single side and double side structure. An important issue in the design of a notch filter is to precisely control the center frequency of the filter. To achieve this goal, we need to change the geometry of the holes in the cavity region. One way is to change the radius of the defect hole to control the center frequency of the cavity. But as Figure 4 .b shows, the variation of the center frequency using this method is very large and besides, the reflection coefficient dramatically changes with changing the radius of the defect hole. Another method is to add another material inside the defect hole or at the holes next to the defect and control the transmission properties of the filter by changing the dielectric constant of this material. While interesting, filling the air holes of a planar structure with a material different from the host material is challenging. As we will show, an efficient way to modify the transmission of the filter is modify the geometry of holes surrounding the cavity to slightly change the center frequency of the defect with minimal changes to the reflection at the center frequency. Figure 5 .a shows the structure of a perturbed cavity in which the radii of two holes next to the removed hole have been changed. As mentioned in section 2, the unperturbed cavity is intrinsically degenerate and supports two modes with even and odd symmetry of the field profile. By comparing the field profile of the cavity in figure 5 .a with that of the fundamental mode of a horizontal photonic crystal waveguide we can conclude that the even mode of the cavity has a stronger coupling to the waveguide mode. Furthermore, two of the six holes surrounding the defect region are in less contact with the even field profile while they are highly in contact with the odd field profile. Therefore, we can break the mode degeneracy by modifying the sizes of these holes, as shown in Figure 5 .a. As shown in Figure 5 .b, the variation of the resonance frequency of the two cavity modes with the radii of the two holes (R d ) next to the defect air hole shown in Figure 5 .a. As expected, the frequency of the odd modes is strongly affected (due to the large energy extent of this mode at the location of the two holes while that of the even mode is only slightly modified by changing the radii of the two air holes in a large range. Using this technique, we have obtained two goals simultaneously. The first is the design of single mode cavity and keeping the desired field profile for stronger coupling, and the second is the fine variations of the center frequency of the defect corresponding to this field profile. Besides, the even field profile is only slightly modified with these modifications, which results in only a small change in the coupling coefficient between the waveguide and the cavity. Figure 6 .a shows the structure of a double side waveguide-cavity structure after these modifications. In each cavity the radius of the central air hole is reduced while the radii of the two holes surrounding the cavity have been increased. Figure 6 .b shows the transmission of the structure for different radii of the modified holes (R 1 ) with a fixed radius for the center hole (R def ). As we predicted, for different modifications, the center frequency of the notch filter has slight variations and also the reflection of the filter remains nearly constant. The next step to improve the filtering response of the structure is increasing the reflection at the notch frequency. As we know from the microwave and electronic filters, by chaining an array of resonators the larger attenuations in the transmission characteristic is possible [25] . Using this idea, we propose the structure shown in Figure 7 .a. where an array of defects is created at both sides or one side of the waveguide (double side vs. single side structure). Figure 7 .b shows the transmission of a structure composed of an array of four double side defects coupled to the waveguide. In this figure, the transmissions for three different cases are shown: In the first case, the radii of the surrounding holes are not modified (R 1 =r), while in the other two cases all the radii of the two extra holes, in each cavity, have been changed. Comparing Figure 7 .b with the filter response of a double side defects shown in Figures 4 and 6 , we can see that using multiple cavities results in a larger reflection (better filter response). Also as we can see in Figure 7 .b, by modifying the sizes of the two holes discussed previously, the fine tuning of the center frequency of the filter is possible. Figure 7 .b also shows that the reflection for larger sizes of the modified holes is stronger. The reason is as follows: increasing the sizes of the modified holes which are parallel to the waveguide decreases the filed extension of the desired mode of the cavity in this direction while it increases the filed extension in the direction normal to the waveguide. This vertical extension means more overlap between the filed profiles of the waveguide and cavity. This results in stronger waveguide-cavity coupling and consequently larger reflection. Figure 7 .c shows the transmission response of modified double side defect structure for different number of defect pairs. The radius of the air column defect is 60% of the radius of the original holes (R def =0.6r), and the radii of the modified holes are 33% larger than that of the original ones (R 1 =1.33r). As shown in Figure 7 .c, for six double defects, large reflection is obtained. Meanwhile, the center frequency of the filter has slight variations for different number of defect pairs due to the mutual coupling of these cavities.
(a) (b) Fig. 6 : (a) Structure of a PBG waveguide side coupled to a double side defects, the radius of the central hole is 60% of the original holes (R def =0.6r). By changing the radii of two holes surrounding the defect (R 1 ), the spectrum of the defects have been modified, (b) power transmission spectra of the structure for different sizes of the modified holes (R 1 ).
Now, we focus on the design of notch filter at the second range of single mode operation. This range is below the range in which the waveguide supports both even and odd modes. To design a notch filter by donor type defects, the resonance frequency of these defects should be brought to this range of frequency. To achieve this, we need to increase the mode volume of the cavity to shift its resonance frequency to lower frequencies. The technique we use is decreasing the sizes of the proper holes surrounding the cavity. Figure 8 .a shows the structure and field profiles of the proposed cavity, and Figure 8 .b shows its spectrum. As Figure 8 shows, the sizes of four holes have been decreased and this results in larger cavity volume. It turns out that the degeneracy is broken, and the resonance frequencies of the two modes are separated and also shifted to lower frequencies. As we see these four modified holes are more in contact with the even field profile, so we expect larger change in the resonance frequency of the even mode. Comparing the spectrum of Figure 8 .b with the spectrum in Figure 1 .c, which is for the original cavity without modifying the radii of four surrounding holes, shows this fact. More evidently, between the two field profiles of Figure 8 .a, the even one is the desired one, because it better couples to waveguide and it gives rise to stronger reflection. Also the spectrum of the even mode is at the frequency range of interest which is the lower single mode wavguiding region (see Figure 2 .b). For larger separation between the resonance frequencies of these modes, we can apply the technique that we used in Figure 5 . Similar to that case if we increase the radii of two holes in Figure 8 , the effective mode volume of the odd field profile becomes smaller while that of the even field profile remains almost intact. This modification pushes the resonance frequency of the odd to higher frequencies. As we know, larger cavity volume results in larger field extension and larger overlapping with the field profile of the waveguide. But, in addition to designing a notch filter, we must preserve the dispersion properties of the waveguide. In fact if we put a cavity with large volume very close to the waveguide, the dispersion properties of the waveguide are highly affected. Hence, we have to put the cavity at proper distance with respect to the waveguide so that we keep both advantages of strong coupling and less distortion in the dispersion of the waveguide. Figure 9 .a shows the filter structure made by coupling two pairs of defects side coupled to a waveguide in the second range of single mode operation. As shown in this figure, the radii of holes surrounding the point defects are modified. Fig 9. b shows the transmission of the filter for two cases. In one case one defect pair and in the second case two defect pairs are coupled to the waveguide. As expected, stronger reflection and lower notch frequency are obtained for the structure with two defect pairs. As mentioned, these defects are coupled to each other through the waveguide and therefore their resonance frequency become smaller compared to the single side defect. Therefore to design the filter at a specific frequency region with large number of defect pairs, we have to adjust the sizes of the proper holes to control the resonance frequency of the resulting filter. The technique we have used to do our simulations is to couple light from a conventional slab waveguide, as shown in Figure 9 .a, to the PBG waveguide. Generally, the transmission form the slab to the PBG waveguide at this range of frequencies is lower compared to the first frequency range for single mode operation of the waveguide. Therefore, when we design the notch filter at this range, we have to be careful to consider both the hole size adjustments and the number of defect pairs to obtain the desired filter response with strong reflection, and keep its center frequency at region in which the transmission of light from output to the PBG waveguide or vise versa is high enough. 
SUMMARY
In this paper we dealt with the design of in-plane notch filters based on the side coupling of waveguide and an array of defects inside the photonic crystal structures. We discussed about the properties of a single cavity and its necessary modifications to achieve efficient coupling between cavity and waveguide and eventually obtain desired notch filters at the frequency range of interest. We showed that by modifying the geometry of air holes surrounding the original point defect, we can obtain single mode cavities with better control on their resonance frequencies. We also showed that by using multiple cavities coupled to a waveguide, filters with better performance can be obtained.
